Background-Although the inverse association between high-density lipoprotein cholesterol (HDL-C) and risk of cardiovascular disease (CVD) has been long established, it remains unclear whether low HDL-C remains a CVD risk factor when levels of low-density lipoprotein cholesterol (LDL-C) and triglycerides (TG) are not elevated. This is a timely issue because recent studies have questioned whether HDL-C is truly an independent predictor of CVD. Methods and Results-3590 men and women from the Framingham Heart Study offspring cohort without known CVD were followed between 1987 and 2011. Low HDL-C (<40 mg/dL in men and <50 mg/dL in women) was defined as isolated if TG and LDL-C were both low (<100 mg/dL). We also examined higher thresholds for TG (150 mg/dL) and LDL-C (130 mg/dL) and compared low versus high HDL-C phenotypes using logistic regression analysis to assess association with CVD. Compared with isolated low HDL-C, CVD risks were higher when low HDL-C was accompanied by LDL-C ≥100 mg/dL and TG <100 mg/dL (odds ratio 1.3 [1.0, 1.6]), TG ≥100 mg/dL and LDL-C <100 mg/dL (odds ratio 1.3 [1.1, 1.5]), or TG and LDL-C ≥100 mg/dL (odds ratio 1.6, [1.2, 2.2]), after adjustment for covariates. When low HDL-C was analyzed with higher thresholds for TG (≥150 mg/dL) and LDL-C (≥130 mg/dL), results were essentially the same. In contrast, compared with isolated low HDL-C, high HDL-C was associated with 20% to 40% lower CVD risk except when TG and LDL-C were elevated. Conclusions-CVD risk as a function of HDL-C phenotypes is modulated by other components of the lipid panel.
L ow levels of high-density lipoprotein cholesterol (HDL-C) have long been associated with increased risk for cardiovascular disease (CVD) 1 and have been documented as a critical risk factor for estimating 10-year risk of CVD. 2 This is biologically plausible because HDL particles drive reverse cholesterol transport and may exert a variety of antiatherogenic effects. 3 However, the relationships between HDL-C, triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C) have complicated efforts toward establishing the extent to which low HDL-C independently increases CVD risk when other lipids are within the normal ranges. 4 Because TG levels were not routinely measured in the Framingham Heart Study until recently, the extent to which an isolated low HDL-C might associate with increased CVD risk could not have been accurately determined. This has now become a clinically relevant issue because outcome trials that have targeted HDL-C pharmacologically and have included patients with low HDL-C at baseline have not demonstrated reduced CVD risk, despite appreciable increases in HDL-C. [5] [6] [7] [8] [9] [10] Similarly, a Mendelian randomization study failed to identify polymorphisms associated with high HDL-C that correlate with reduced CVD risk. 11 Therefore, to clarify the association between HDL-C and CVD risk, we compared HDL-C in isolation (ie, low levels of HDL-C, TG, and LDL-C) to low HDL-C with higher TG, higher LDL-C, or both. We also assessed the extent to which high HDL-C either in isolation or combined with higher TG, higher LDL-C, or both was associated with reduced CVD risk compared with isolated low HDL-C.
Methods

Study Participants
Participants were adult men and women from the Framingham Heart Study Offspring Cohort whose baseline evaluation took place between 1987 and 1991 (examination cycle 4). The development of new CVD events 12 was monitored through 2011, as previously described. 13 Of the initial 3925 participant samples available, 188 were excluded because of loss to follow-up, history of CVD at baseline, or TG >400 mg/dL. After excluding users of lipid-lowering therapy (n=147), the final sample size available for analysis was 3590 men and women. Blood samples represent single measurements collected during examination cycle 4 and obtained after an overnight fast of at least 12 hours. Total cholesterol and TG were measured using commercial enzymatic assays, HDL-C was measured by enzymatic method after precipitation of apolipoprotein B-containing lipoproteins, and LDL-C was calculated using the Friedewald formula. 14 
Assessment of Risk Factors
We defined isolated low HDL-C consistent with guideline-endorsed thresholds (<40 mg/dL for men and <50 mg/dL for women) in the presence of optimal LDL-C and TG levels (both <100 mg/dL). Thresholds for higher LDL-C and TG were as previously defined, either ≥100 mg/dL for each or ≥130 mg/dL for LDL-C and ≥150 mg/dL for TG. 15, 16 The other phenotypes of interest were age, sex, body mass index, smoking status, hypertension, and diabetes mellitus.
Outcome Events
Incident CVD was defined as an occurrence of fatal or nonfatal myocardial infarction, stroke, or CVD death. Cases were established as previously established by Framingham Heart Study. 12, 13 
Statistical Methods
Logistic regression was used to estimate the odds ratio (OR) and 95% confidence interval of CVD risk, using lipid and lipoprotein measurements obtained at examination 4. Isolated low HDL-C (referent) was defined as HDL-C <40 mg/dL (men) or <50 mg/dL (women), TG <100 mg/dL, and LDL-C <100 mg/dL. We also used alternative thresholds for LDL-C <130 mg/dL and TG <150 mg/dL in all combinations to assess the independent effects of HDL-C in the presence of a variety of backgrounds. Analyses were adjusted for age at initial lipid profiling, sex, diabetes mellitus, hypertension, and smoking status. All analyses were performed using SAS (Cary, NC; version 9.3). Table 1 shows the baseline characteristics of our cohort, the isolated low HDL-C (referent) stratified by TG and LDL-C thresholds of 100 mg/dL. The group with isolated low HDL-C (mean: 35±4 mg/dL [men], 44±4 mg/dL [women]) was characterized by a relatively normal mean body mass index (=26.1±6.3 kg/m 2 ), systolic blood pressure (=118±20 mm Hg), and a low prevalence of diabetes mellitus (6%) in contrast to low HDL-C groups with a higher TG phenotype (≥100 mg/dL). Overall, the baseline characteristics of the isolated high and low HDL-C groups were similar, regardless of TG and LDL-C measures (Tables I-III in the Data Supplement) .
Results
CVD risk was associated with low HDL-C but this relationship was influenced by LDL-C and TG (Table 2) . Compared with isolated low HDL-C, CVD was higher when low HDL-C was accompanied by LDL-C ≥100 mg/dL (OR 1.3 [1.0, 1.6]), TG ≥100 mg/dL (OR 1.3 [1.1, 1.5]), or both (OR 1.6, [1.2, 2.2]). These ORs were all adjusted for covariates. In contrast, compared with isolated low HDL-C, isolated high HDL-C (low levels of TG and LDL-C in the presence of high HDL-C) was consistently associated with reduced CVD risk (OR=0.6, [0.5,0.7]). This association persisted even when high HDL-C was accompanied by higher LDL-C (≥100 and ≥130 mg/dL) or higher TG (≥100 and ≥150 mg/dL), but was no longer significantly protective when both LDL-C and TG equaled or exceeded 100 mg/dL.
To further examine the association of TG on CVD risk, ORs were plotted against increasing TG stratified into 4 categories (low HDL-C and low LDL <100 or <130 mg/dL; low HDL-C and LDL ≥100 or ≥130 mg/dL; high HDL-C and LDL <100 or <130 mg/dL; and high HDL-C and LDL ≥100 or ≥130 mg/dL; Figure) . As expected, the subgroups with LDL-C <100 mg/dL were generally at a lower risk of CVD than comparable groups with LDL-C ≥100 mg/dL, regardless of HDL-C phenotype. However, LDL-C or TG could affect the direction of the association depending on the actual levels.
Discussion
The most novel finding in this study is that low HDL-C in isolation is considerably less predictive of CVD risk in the presence of high TG, high LDL-C, or both. We are aware of one study that attempted to evaluate isolated low HDL-C and found it to be associated with increased CVD risk 17 but the
WHAT IS KNOWN
• High-density lipoprotein cholesterol (HDL-C) is inversely associated with cardiovascular risk (CVD). However, the extent to which HDL-C remains an independent CVD risk factor when other lipids are normal is unclear.
WHAT THE STUDY ADDS
• In the Framingham Offspring Study, HDL-C was not uniformly predictive of CVD risk. • Triglycerides and low-density lipoprotein cholesterol were important modifiers of incident CVD at both ends of the HDL-C spectrum. • Compared with isolated low HDL-C, the risk of CVD was 30% to 60% higher when low HDL-C was accompanied by higher levels of TG, low-density lipoprotein cholesterol, or both. • High HDL-C was not associated with reduced CVD risk if accompanied by TG and low-density lipoprotein cholesterol ≥100 mg/dL.
LDL-C and TG thresholds used (160 and 200 mg/dL, respectively) may have been too high to evaluate the true risk of isolated HDL-C. For many decades, a low level of HDL-C has been viewed as a robust and independent CVD risk factor. [1] [2] [3] [4] In contrast, recent studies have failed to demonstrate that high HDL-C acquired naturally or pharmacologically is associated with reduced CVD risk. [5] [6] [7] [8] [9] [10] [11] 18 The current study does not refute the potential clinical relevance of HDL-C when direct comparison is made between isolated low and higher HDL-C levels. Within this context, higher HDL-C is associated with lower CVD risk, when other risk factors are constant.
The increased risk of CVD associated with low HDL-C is most evident in the presence of higher levels of other lipids or lipoproteins. This issue could not have been addressed in the original Framingham cohort because fasting TG levels were not routinely measured until ≈2 decades ago. Consequently, the Framingham offspring cohort provides a unique opportunity to systematically investigate the effects of low HDL-C, both in isolation and within the framework of elevated TG and LDL-C. Although isolated low HDL-C using the lowest thresholds to define low TG and LDL-C (ie, <100 mg/dL) was uncommon (n=84, 2.3% of the study cohort), we observed similar trends with higher thresholds of the other risk factors that had larger cell sizes. We also found that increased TG and LDL-C appreciably raised CVD risk, consistent with prior studies demonstrating a 30% to 60% increase in CVD risk when LDL-C exceeded 130 mg/dL 15 and a ≈10% to 20% increase in CVD risk when TG exceeded 150 mg/dL compared with <100 mg/dL. 19 Recently, TG has gained traction as an important biomarker of CVD risk with some proposing that TG-rich lipoproteins (eg, very low-density lipoprotein) and their cholesterol-enriched remnants play a causative role in disease. 20, 21 Specifically, TG-rich lipoproteins have been implicated in proinflammatory signaling pathways, impairment of insulin sensitivity, and upregulation of factors promoting thrombosis. 22, 23 Another novel finding in the current study was the association of TG levels on CVD risk across HDL-C and LDL-C subgroups (Figure) . For example, at TG <100 mg/dL, CVD risk was low in the setting of high HDL-C and LDL-C <100 (or <130) mg/dL. However, the presence of higher TG (>200 mg/dL) within this subgroup was associated with increased CVD risk to the level shown by the subgroup with higher LDL-C and lower TG (<100 mg/dL). A similar pattern emerged with low HDL-C. Therefore, TG levels essentially reclassify risk of CVD irrespective of HDL-C. This is consistent with studies that have supported a direct role for TG-rich lipoproteins in promoting atherothrombosis 24 and more recently defects in genes controlling TG metabolism, including APOC3, ANGPTL3, and ANGPTL4 that have been linked to reduced TG and are associated with reduced coronary calcification 25 or reduced CVD risk. [26] [27] [28] [29] [30] Moreover, a recent genome-wide association study identified common polymorphisms associated with TG to strongly influence risk of coronary disease, 20 and post hoc analyses found TG to Table 1 be more accurate than HDL-C in predicting recurrent CVD events after an acute coronary syndrome. 19, 31 The Framingham Heart Study was the first large epidemiological study in the United States to demonstrate an inverse association between low HDL-C and coronary heart disease, 32 although the isolated low HDL-C phenotype was not specifically examined. The most direct application of this relationship came from the National Cholesterol Education Program Adult Treatment Panel recommendations that HDL-C not be measured when total cholesterol is in the recommended range (<200 mg/dL). 33 However, TG was not adjusted for in these analyses, and the prevalence of isolated low HDL-C was not reported. Another study of CVD survivors with desirable total cholesterol 34 also found low HDL-C to be predictive of recurrent events but because mean LDL-C and TG levels were 115±23 mg/dL and 124±65 mg/dL, respectively, many subjects had concomitant dyslipidemia.
. Baseline Characteristics of the Total Cohort, Isolated Low HDL-C (Referent), and Other HDL-C Groups
Our results are not intended to alter the large body of evidence supporting HDL as inversely related to CVD risk based on its role in mediating reverse cholesterol transport. Indeed, recent studies suggest that HDL function may be more predictive of CVD risk compared with its cholesterol content, 35 as reflected by HDL-C levels. As such, functionality rather than the cholesterol content of HDL has been viewed as a better predictor of CVD risk based on the well-established anti-inflammatory, antioxidant, and endothelial restorative properties of HDL. 36 In this regard, elevated TG and insulin resistance may both impair HDL function [37] [38] [39] and predate the development of diabetes mellitus. 40 Indeed, the prevalence of diabetes mellitus in Framingham Offspring subjects with low HDL-C, LDL-C <100, and TG <100 mg/dL was ≈50% lower compared with higher TG (Table 1) and also corresponded to the lower CVD rates observed ( Table 2) .
Limitations of the current study include the lack of additional measures (eg, apolipoprotein B or LDL particle concentration) that may provide incremental CVD risk prediction beyond conventional lipids and lipoproteins. 41 As noted earlier, there was also a relative paucity of cases with isolated low HDL-C using the stringent threshold (<100 mg/dL) for TG and LDL-C, although these data are consistent with the National Health and Nutrition Examination Survey (NHANES) III that reported isolated low HDL-C in only 4.8% of men and 8.7% of women over age 35 years. 42 
Conclusions
In the Framingham Offspring Study, low and high HDL-C phenotypes are not uniformly predictive of CVD risk. TG and LDL-C represent important modifiers of incident CVD risk at both ends of the HDL-C spectrum.
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Table 2. Effect Sizes of Low HDL-C and High HDL-C in Conjunction With Varying Levels of TG and LDL-C*
*Adjusted for age, sex, T2DM, SBP, smoking status, menopausal status, and LLT.
Figure.
Triglyceride (TG) levels as a function of incident cardiovascular disease (CVD) with low or higher high-density lipoprotein cholesterol (HDL-C) and using a low-density lipoprotein cholesterol (LDL-C) cut point of 100 or 130 mg/dL.
